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OBJECTIVES 

The experimental contract objective Is to provide a complete set of "benchmark** 
quality data for the flow and heat transfer within a large rectangular turning duct* 
These data are to be used to evaluate, and verify, three-dimensional Internal 
viscous flow models and computational codes* The analytical contract objective Is 
to select such a computational code and define the capabilities of this code to pre- 
dict the experimental results obtained experimentally* Details of the proper code 
operation will be defined and Improwmeuts to the code modeling capabilities will be 
formulated* 

The experimental and analytical efforts are being conducted under a coor- 
dinated multiphase contract* Phase one, the current work. Is the study of Internal 
flow in a large rectangular cross-sectioned, 90** bend turning duct, and Is planned as 
a 28 month study vdilch started In April, 1982* Phase one Is dlvldad^. ln£p_.f Ive tasks, 
numbered I through V. Future work to be performed at NASA's option Includes the 
Investigation of flow over an airfoil cascade, with and without film cooling. Inside 
the turning radius of the duct* This future work Is designated as phases two and three 
of the contract. Phase two, consisting of Tasks VI through XI, will consider a large 
scale cascade v^ere "benchmark" data will be obtained to document the viscous flow 
field, pressure distribution and heat transfer phenomenon* Phase three of the 
contract, consisting of Tasks XII through XVI, Includes mass flow Injection from 
cascaded airfoils to document the flow field and heat transfer with film cooling of 
the blades* 

APPROACH 

Separate experimental and analytical approaches have been undertaken to attain 
the contract objectives* The experimental approach for Phase 1, the current work. 
Initiated with design, fabrication, and Instrumentation of a large rectangular 
turning duct with a 90° bend* Air flow will be drawn through the duct using an 
induced draft fan with variable blade pitch and variable rotation speed, to provide 
both a range of flow conditions in the duct and controllability for maintaining 
constant conditions during testing* The duct has been designed to be assembled In 
modules, allowing simple modifications of the duct for varying the Inlet length or the 
wall boundary layer conditions* The duct construction Is designed to allow detailed 
measurements to be made for the following three duct wall conditions: 1) an Isother- 

mal wall with Isothermal flow, 2) an adiabatic wall with convective heat transfer by 
mixing between unheated surrounding flow, and 3) an Isothermal wall with heat transfer 
from a uniformly hot Inlet flow* Measurements for all three conditions will be made 
at two bulk Reynolds numbers and different Inlet lengths to provide both laminar and 
fully turbulent boundary layer flows approaching the duct turn* The flow velocities 
for both Reynolds numbers will be low enough to remain well within the Incompressible 
Mach number range so that only thermally Induced density gradients will be encoun- 
tered* 
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The primary Ins crumen ration being assembled for the flow measurements is a 
three-dimensional, vector laser velocimeter (LV) • The LV will use twD colors and 
Bragg diffraction beam splitting/frequency shifting to separate the three simulta- 
neous, orthogonal, vector velocity components. The LV signal processors determine 
digital values of velocity for the seeded flows from particle crossing the laser beam 
generated probe volume. To simplify and speed up digital data acquisition, the LV pro- 
cessors are built around an S-100 bus Z-80 microprocessor, vahich provides the addi- 
tional advantage of on-line, near-real time data reduction. This on-line data 
reduction capability will be used to assess the adequacy and precision of the data as 
it is acquired and recorded for more complex, off-line detailed analysis. To help 
qualify the measurements as **benchmark'* data, the LV measurements will be compared 
with both pitot probe and hot wire anemometer measurements for flow conditions vdiich 
permit these comparisons 

The analytical approach Initiated with a search for candidate state-of-the-art 
numerical solution i-^rocedures for internal, three-dimensional viscous flows. The two 
candidate codes selected were the P. D. Thomas Beam-Warming code and the Brlley-McDonald 
**MINT" code. With both codes and their available doci^entation obtained, a comparison 
of them will be made in terms of user orientation, documentation, numerics, physical 
modeling, accuracy, grid sensitivity, boundary conditions, formulation, CPU time and 
ease of extension to future problems. Initial results will Le obtained for calibra- 
tion purposes and compared to published results, and with flows visualized and 
measured with a 2-D LV system in a 1/3 scale duct. Then numerical convergence proper- 
ties and grid refinement techniques will be studied, both by uniform refinement and by 
local clustering of the mesh points. After the effects of discretization error have 
been estimated the code predictions will be compared with full scale experimental data 
as it is obtained, for laminar flow and turbulent * flow to evaluate available tur- 
bulence models. Finally, heat transfer modeling will be evaluated, and the best of 
the codes selected for a detailed comparison with the experimental data. This 
detailed comparison will determine the accuracy of the code's calculated flow field 
and generate recommendations and formulations for code improvement. 

CURRENT RESULTS AND PLANS 

Both the experimental and analytical phases are currently underway. The experi- 
mental phase has involved test facility and instrtimentation design and fabrication.. 

The turning duct design has been approved by NASA program monitors and is 
essentially an induced draft wind tunnel with a 90^ bend test section. Nominal bulk 
flow velocities of 6.096 m/sec (20 ft/sec) and 60.96 m/sec (200 ft/sec) and dif- 
ferent straight inlet lengths were selected for the low and high Reynolds number 
cases to provide moderately thick laminar and turbulent boundary layers entering the 
bend. The contour of the inlet transition, or bellmouth, was designed by numerical 
calculations to provide smooth acceleration to the inlet section. The flow rates 
corresponding to the selected velocity were used to specify an induced draft fan for 
the duct exit, i^ich in turn, established the diffuser configuration. The 90® curve 
section of the duct will be assembled from a series of flanged interchangeable modu- 
les. Additionally, interchangeable instrument acpess modules provide access for 
probing the flow with the LV and with the pitot and hot wire probes. The duct will 
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be Insulated for the adiabatic wall test cases, and water jackets will be added to 
establish the isothermal wall test cases. The LV window module allows optical 
access from all four walls of the duct, with an unobstructed field of view so that 
the LV probe volume can be traversed from wall to wall. The window segments are 
thin, optical flats v*ilch are only 1.27 cm {Vl in) wide along the inside wall. The 
windows were designed to minimize deviations from wall curvature on the convex and 
concave duct sidewalls. This test facility is presently in the materials acquisi- 
tion and mechanical fabrication stage. 

The LV optical assembly will be mounted on a box beam structure \iilch fits 
around the duct. The LV scans the duct cross-plane and cross-stream coordinate 
directions by activating an LV microprocessor-controlled mill bed, to v^ich the box 
beam is mounted. The optical arrangement allows the three pairs of laser beams to 
cross coincident within + 0.5 mm, as well as forward scatter light collection for 
greatest signal to noise ratio. The signal to noise ratio and processor accuracy are 
also improved by mixing the collected signals with accurately known oscillators that 
downbeat the signals to lower frequencies. The reduced signal frequencies eliminate 
the effects of small deviations centered on very high RF carrier frequencies from 
affecting the measurements. Hardware is being acquired and software is being deve- 
loped for Improved on-line graphics for data reduction and presentation v^ich allows 
assessment of the validity and precision of the LV measurements as they are being 
acquired. This significantly improves the established levels of statistical con- 
fidence and also helps assure that all critical physical flow features are being 
measured. LV system development is moving into the shakedown stage, v^ich is being 
initiated by evaluating the flow in a 1/3 scale model duct. An evaluation of LV com- 
patability with the windowed optical access module is also planned before LV and 
intrusive probe comparison testing is initiated. 

The analytical effort is also well underway. One of the selected computational 
codes, the P. D. Thomas code, was received for evaluation, and requests have been made 
for a recent version of the Briley-McDonald **MINT” code* The P. D. Thomas code has 
extensive documentation and has been adapted to the experimental geometry of the 90** 
bend duct. Numerically converged results have been obtained for a published, laminar 
flow case. Also, the initial results were compared to published solutions of the 
"MINT” code for the same flow, \diich includes duct geometry and Reynolds nximber, 
although the flow inlet Mach number used for the Thomas code was greater. With 
either computer code discrepancies between computed solutions and experimental 
measurements for both laminar and turbulent flows have been reported. The source of 
the discrepancy seems to be discretization error, and derive a set of approximate 
solution errors. Also, solutions of both codes will be compared with flow visualiza- 
tion in a 1/3 scale duct, to help identify problem areas with both code results. 
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OBJECTIVES 



GA8 FLOW ENVIRONMENT AND HEAT TRANSFER - 
NONROTATING 3D PROGRAM 

NASA CONTRACT NAS3-23276 


Roy X Schulz. PhD^ 


• ftioviDE “Benchmark* Dma Delineating 3*D Viscous Flow with Heat Traiisfer 
ON A Large^ Rectangular^ Rend Turning Duct 

PHASE 

!• Flow development in the bend with different inlet boundary 
LAYERS AND WALL HEAT FLUX DISTRIBUTIONS (TASK I-V) 

2* Flow development in the bend with an imbedded cascade blade 

SYSTEM FOR DIFFERENT INLET BOUNDARY LAYERS AND WALL HEAT 
FLUX DISTRIBUTION (TASKS VI'XI) 

3- R.OW DEVELOPMENT IN THE BEND WITH AN IMBEDDED CASCADE BLADE 
SYSTEM USING AIR INJECTED THROUGH THE BLADES TO SIMULATE FILM 
COOLING FOR DIFFERENT INLET BOUNDARY LAYERS AND WALL HEAT FLUX 

distributions (TASK XII - XV!) 

• Select, Evaluate, Modify and/or Develop a State-of-the-Art 3-D Viscoiis 
Flow Computer Code by Confrontation with Experimental IKta (Same 3 phases) 

* Validate codes' capability/adaptability 

* Add, if necessary, energy transfer/conservation equation 

* Evaluate turbulent transport models for this aAss of at)W$ 

* Define mesh ESTABLisitiENT and resolution required for 

ACCURATE computation OF THIS CUSS OF FLOWS* 



EXPERIMENTAL APPROACH 


Build Facility and Instrumemtatioh 

• fbDiFiABLE Curved Duct 

• Variable Air Flow 

• Segmented Construction 

• Laser \feLociMETER Instrumentation 

• Simultaneous 3 component determination 

• Bragg System (velocity vector measurements) 

• MicROPROCSSOR based system - OUTLINE STATISTICAL DATA DETERMINATION 

• Validated against pitot and hot wire system 

Duct Experiments - to facilitate analytical comparisons 

• Uiheated flow - 2 entrance conditions 

• Mixing of hot and cold streams with adiabatic wau 

• Hot aow with isothermal wall 

Cascade Experiment - budes instaued in duct bend 

• Same series as duct experiments 

• Repeat series with simulated film coaiNo 


ANALYTICAL APPROACH 


* Compare applicable 3*D Codes with adequate documentation 

• Laminar Flow Calculations wixnaiT heat transfer 

• Adapt code to problem - boundary and initial conditions 

• Compare with aow visualization results 

• Compare with published results for similar configurations 

* Riel IMI NARY comparison with data (including TURBILENT flow and heat 

transfer)^ as it is obtained 

• Compare codes for REsauTioN with equivalent grids, computational 

time, storage, ease of implementation and ease of modification 

• Select code for detailed comparison with data 

* Detailed comparisons with data 

• Formulate improvements 

• Evaluate sensitivity to grid spacing and time step s^ection 
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WINDOW MODULE 
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STATUS SUMMARY 


EXE 91MEMTAL 

• liJCT Design Approved - CfeiAiLED Drawings and Fabrication Stages 

• LV Otical Design Breadboarded - Preparing for Shakedown Tests 

(1/3 scale duct) 

• LV Processor Modifications Underway 

• 500 tWz Clock 

• 3D Simultaneity 

• Computer Controlled Positioning 

• On LINE Data (]raphics 

Af;aLYTlCAL 

• Codes Selected for Evaluation 

• P. D. Thomas 

• 'MINT' 

• P- D* Thomas Code Set up/Ope rational for Flow in 90" Bend Duct 

- Resxts agree with published literature 

• )bT YET ABLE TO ACQUIRE "MINT" 


FUTURE PLANS 
Phase 1 

EXPERRtNTAL 

• Complete Duct Fabrication, Installation and Shakedown 

• Initiate 2-D LV measurements on 1/3 scale duct to develop on-i_ine 
DATA reduction AND TRAVERSING SYSTEM SOFTWARE 

• Complete H) LV development and shakedown, ascertaining «asurement 

UNCERTAINTIES AND COMPARABLE ACCURACY TO PROBES 

• Initiate isothermal flow tests 

mumt 

• (IhTAIN "MINT* and input boundary and INITIAL CONDITIONS FOR DUCT 
WITH LAMINAR FLOW TO COMPARE WITH PUBLISHED RESULTS* 

• Initiate P- D* Thomas and 'HINT* code comparison with laminar 
FLOW visualization IN 1/3 SCALE DUCT 


Evaluate/modify turbulence model and predict turbulent flow 



